The interleukin 2-diphtheria toxin-related fusion protein (IL-2-toxin) rapidly inhibits protein synthesis in IL-2 receptor (IL-2R)-bearing phytohemagglutinin-activated T cells but transiently stimulates DNA synthesis. At 7 hr after interaction with IL-2R+ phytohemagglutinin-activated T cells, IL-2-toxin-treated cells bear augmented steady-state levels of c-myc, interferon y, and IL-2R mRNA; these effects are indistinguishable from those produced by recombinant IL-2. Amplification of IL-2 sequences by the polymerase chain reaction reveals an increased level of IL-2 mRNA in cell cultures treated with recombinant IL-2, IL-2-toxin, and cycloheximide. These results suggest that IL-2-toxin can affect de novo IL-2 gene transcription/mRNA stabilization through independent mechanisms exerted by both the IL-2R binding domain and ADP-ribosyltransferase activity of the fusion protein. After 20 hr of culture, IL-2R mRNA was markedly decreased in both IL-2-toxin-and cycloheximide-treated phytohemagglutinin-activated T cells. Although interaction of IL-2-toxin with IL-2R+ T cells initially mimics the stimulatory effects of IL-2 upon c-myc, interferon y, IL-2R, and IL-2 gene expression, the consequences of inhibition of protein synthesis mediated by the ADP-ribosyltransferase activity of the toxin dominate after 7 hr and are indistinguishable from those effects mediated by cycloheximide.
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A fusion gene encoding the interleukin 2-diphtheria toxin fusion protein (IL-2-toxin) was constructed from a truncated diphtheria toxin gene by replacing DNA sequences coding for the toxin receptor binding domain with sequences coding for amino acids 2-133 of human IL-2 (1). The mature form of IL-2-toxin has a deduced molecular mass of 68 kDa, and the fusion protein retains at least some functional attributes of both its diphtheria toxin and IL-2 components. The fusion protein (i) binds with high affinity to the multimeric IL-2 receptor (IL-2R), (ii) is internalized by IL-2R-mediated endocytosis, and (iii) mediates the ADP-ribosylation of elongation factor 2 in the target-cell cytosol (2) .
Binding of IL-2 to its high-affinity receptor rapidly activates intracellular processes that lead to gene activation and de novo gene transcription, DNA synthesis, and cell cycle progression (3) (4) (5) (6) . Even though IL-2-toxin rapidly inhibits protein synthesis in IL-2R-bearing phytohemagglutinin (PHA)-activated T cells, we now note that this chimeric toxin also transiently stimulates DNA synthesis (e.g., thymidine incorporation).
In the present study we demonstrate that binding of the IL-2-toxin to the high-affinity IL-2R initially produces effects in the PHA-activated target cell that are indistinguishable from those mediated by IL-2 itself. Subsequently, the fusion protein inhibits cellular protein synthesis. Additional indirect effects of IL-2-toxin upon T-cell gene activation, produced by the inhibition of protein synthesis, are characterized herein.
MATERIALS AND METHODS
Cell Cultures. Human peripheral blood mononuclear cells were isolated by means of Ficoll/Hypaque (Pharmacia) density centrifugation and were cultured in RPMI 1640 medium (M.A. Bioproducts) supplemented with 5 mM Hepes, penicillin (100 units/ml), streptomycin (100 ,g/ml), 10% (vol/vol) heat-inactivated normal human AB serum (BioBee, Boston), and PHA (5 ,ug/ml) (Wellcome) for 72 hr. Cells were then washed three times, rested for 24 hr, and treated as indicated.
Materials. Recombinant IL-2-toxin was obtained and purified from extracts of Escherichia coli (pABI508) as previously described (1 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. stringent conditions (30 min at 650C in 0.2 x SSC/0. 1% SDS), autoradiography was performed with an intensifying screen at -70'C. Full-length cDNA probes for IL-2 (courtesy of Biogen), CD3 (courtesy of C. Terhorst, Dana-Farber Cancer Institute, Boston), and interferon y (IFN-,y) (courtesy of S. Clark, Genetics Institute, Cambridge, MA) as well as cDNA probes spanning the third exon of c-myc (courtesy of P. Leder, Harvard Medical School, Boston) and the fourth exon of IL-2R (Oncor, Gaithersburg, MD) were randomly primed with [32P]dCTP (3000 Ci/mmol), and cDNA probes with 106 cpm were added to each milliliter of hybridization solution.
Polymerase Chain Reaction (PCR). PCR was employed to detect low-abundance mRNA encoding IL-2 in long-term peripheral blood mononuclear cell cultures. A 32-mer ("antisense") oligonucleotide (5'-GGCAGAAGCTTGGCCT-GATATGTTTTAAGTGGG-3'), 22 nucleotides of which are complementary to the 3' noncoding region ofthe IL-2 cDNA, and a 26-mer ("sense") oligonucleotide (5'-CAGTGTCTA-GAAGAAGAACTCAAACC-3'), homologous to the IL-2 coding region at the Xba I restriction site, were synthesized on an Applied Biosystems 381A DNA synthesizer. First strand cDNA copies of the IL-2 mRNA were synthesized in a 10-,l reaction volume containing 10 ,g of total RNA, 0. (Fig. 1B) . The stimulation of thymidine uptake suggested that IL-2-toxin initially acts as a IL-2R site agonist and may trigger, at least transiently, intracellular processes in an IL-2-like fashion.
Effect of IL-2-Toxin on Early T-Cell Activation Gene Expression. Northern blot analysis of total RNA extracted from IL-2R+ PHA-activated T cells was performed to study the early effects of IL-2-toxin (10-9 M) on T-cell activation. After 7 hr of incubation, IL-2-toxin-treated cells exhibit increases in cytoplasmic mRNA coding for IL-2R, c-myc, and IFN-y ( Fig. 2A) . These early effects were indistinguishable from those mediated by IL-2 or a mutant of IL-2-toxin, A197/IL-2-toxin, which lacks ADP-ribosyltransferase activity. Decreased levels of IL-2R, c-myc, and IFN-y gene expression were observed in cells treated with CHX, an inhibitor of protein synthesis, and harvested at 7 hr of culture ( Fig. 2A) .
Amplification of cellular IL-2 mRNA by PCR revealed significantly increased steady-state levels of IL-2 mRNA in IL-2-toxin-treated, A197/IL-2-toxin-treated, or CHXtreated cells, when compared to untreated cultures (Fig. 3) . cantly higher levels of IL-2 mRNA than either IL-2-or A197/IL-2-toxin-treated cultures (P < 0.05). These results suggest that the independent effects of the IL-2R binding domain and the ADP-ribosyltransferase region of IL-2-toxin act synergistically to effect de novo IL-2 transcription and/or mRNA stabilization. Effect of IL-2-Toxin on Late T-Celi Gene Expression. Whereas IL-2R and c-myc transcripts remained elevated in IL-2-and A197/IL-2-toxin-treated cell cultures, IL-2-toxintreated cells revealed decreased IL-2R and c-myc steadystate mRNA levels following 20 hr of incubation (Fig. 2B) . This decrease was comparable to that obtained in cells that were treated with CHX for 7 hr, indicating an arrest ofprotein synthesis in IL-2-toxin-treated cells at 20 hr of culture.
DISCUSSION
Fusion proteins, such as IL-2-toxin, that are selectively targeted toward specific cell surface receptors are an attractive therapeutic alternative for treating patients with IL-2R' tumors, organ transplant recipients, or patients afflicted with an autoimmune state (1, (9) (10) (11) . Hence, it is of importance to characterize the biological events that are produced following the ligand-receptor interaction.
Binding of recombinant IL-2 to its high-affinity receptor rapidly induces a series of intracellular events, including protein phosphorylation, protein kinase C membrane translocation (8), activation of the Na+/H' antiport and cytosolic alkalinization (4), inhibition of adenylate cyclase activity (3), calcium influx (12) , and internalization of the ligand-receptor complex (refs. 5 and 6; reviewed in ref. 13 ). These processes support IL-2-stimulated de novo gene transcriptional events, as documented for the p55 subunit of the IL-2R, c-myc, and heat shock protein genes (14, 15) .
The results presented in this study show that the early effects of IL-2-toxin upon PHA-activated T cells precisely mimick the effects mediated by IL-2. Despite inhibition of protein synthesis (Fig. 1A) , IL-2-toxin-treated PHAactivated T lymphoblasts do incorporate thymidine during the first 24 hr of culture (Fig. 1B) .
At 7 hr of culture, IL-2-toxin stimulates accumulation of cytoplasmic IL-2R, c-myc, and IFN-y mRNA in PHAactivated T lymphoblasts ( Fig. 2A) , also noted with IL-2 treatment (14, 15) . In contrast, steady-state levels of these transcripts were significantly reduced in cell cultures treated for 7 hr with CHX ( Fig. 2A) . However, the detection of low-abundance mRNA by PCR revealed an increase in cytoplasmic IL-2 mRNA levels in IL-2-toxin-, IL-2-, and CHX-treated T lymphoblasts at 7 hr of culture (Fig. 3) . IL-2 gene superinduction in mitogen-stimulated T cells by CHX has been reported to result entirely from increased mRNA stability (15) (16) (17) (18) . Indeed, there is considerable evidence that 3' A+U-rich sequences are targeted for selective mRNA degradation in a variety of cytokine and cytokine receptor transcripts (19, 20) . However, it is possible that IL-2 augments accumulation of cytoplasmic IL-2 mRNA through a mechanism distinct from CHX-mediated effects. For example, it is possible that IL-2-mediated cell cycle progression is linked to de novo IL-2 gene transcription. In fact, IL-2-toxin seems to synergistically combine the distinct effects of recombinant IL-2 and CHX on IL-2 de novo transcription and/or IL-2 mRNA stabilization (Fig. 3) .
Chimeric toxins, constructed from bacterial toxin genes by replacing the DNA sequences coding for the toxin receptor binding domain with sequences coding for cytokines, are being produced in several laboratories (1, 10, 21, 22) . The fusion proteins encoded by such gene fusions are exceptionally powerful and selective cytotoxins in vitro and are, in many cases, under development as potential therapeutic agents. We have probed the complex time-related effects of IL-2-toxin. Whereas the ultimate effect of this protein results in death of high-affinity IL-2R-bearing cells, the early (<7 hr) effects of IL-2-toxin upon PHA-activated T lymphoblasts are mediated by the IL-2R binding domain. Subsequently, the inhibitory effects of the ADP-ribosyltransferase upon cellular protein synthesis are exerted. Because transcripts generated from several T-cell activation genes are readily degraded by newly synthesized proteins, not all of the cellular effects resulting from inhibition of protein synthesis are "inhibitory." Inhibition of protein synthesis actually results in a transient increase in steady-state levels of certain activationrelated transcripts. Eventually though, intoxication leads to death of IL-2R' target cells. Hence, the effects of such chimeric toxins upon cellular function are highly complex. The IL-2R binding domain produces stimulatory effects. The initial effects produced by inhibition of protein synthesis result in elevated cytoplasmic levels of certain mRNAs. These events antedate cell death.
